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Abstract
Seesaw models with a slightly broken lepton number symmetry can explain small
neutrino masses, and allow for low-scale leptogenesis. We make a thorough analysis
of leptogenesis within the simplest model with two right-handed (RH) neutrinos (or
with N3 decoupled). We obtain a semi-analytical formula for the final asymmetry in
both supersymmetric and non-supersymmetric cases with a simple dependence on
each parameter. The low-energy parameters factorize from the high-energy ones,
and the high-energy phase must be non-zero. The role of the PMNS phases is
carefully studied. Moreover, we find that the breaking parameter in the Yukawa
coupling matrix must be relatively large, ǫh & 10
−3 for normal and 10−2 for inverted
hierarchy. Therefore, leptogenesis in our simple model is incompatible with RH
neutrino signals at future colliders or sizable lepton-flavor violation. The other
breaking parameter, ǫM , which appears in the RH neutrino mass matrix, can be
much smaller, and actually needs to be so in order to have low-scale leptogenesis.
1
1 Introduction
Leptogenesis [1] is one of the most attractive scenarios to explain the origin of the observed
matter-antimatter asymmetry of the Universe. It follows from the seesaw mechanism [2–
7], which gives a natural and simple explanation to the small neutrino masses observed
in neutrino experiments, and relies on the conversion of a lepton asymmetry to a baryon
asymmetry thanks to the non-perturbative sphaleron processes [8]. For a recent review
on leptogenesis, see [9].
If neutrinos are massive Majorana particles, then lepton number must be violated.
Since neutrino masses are observed experimentally to be tiny, a slightly broken lepton
number symmetry, e.g. a global U(1)L, could provide the explanation. In this case, small
neutrino masses are not explained by a ‘seesaw’ mechanism, but rather by a cancellation
mechanism [10–12]. Such a symmetry was introduced in the context of the νMSM [13] in
[14] to explain at the same time the keV scale of the dark matter sterile neutrino [13] and
the quasi-degeneracy of the heavier two RH neutrinos, supposed to explain the baryon
asymmetry of the Universe by means of leptogenesis via neutrino oscillations [15, 16]. The
work [17] also made use of a slightly broken lepton symmetry to motivate large Yukawa
couplings with TeV masses for the RH neutrinos, making them in principle accessible at
the LHC.
One consequence of the slightly broken U(1)L symmetry is the existence of two quasi-
degenerate RH neutrinos. This is interesting in the context of leptogenesis because it
allows for an enhancement of the CP asymmetry parameter [18, 19], and hence successful
leptogenesis is possible much below the usually quoted bounds on the mass scale and on
the reheat temperature of the Universe after inflation assuming hierarchical RH neutrinos,
M (Treh) & 3 (1.5) × 109 GeV [20–23]. The tension with the gravitino overproduction
in mSUGRA scenarios [24–27] is thus relaxed. The second consequence of the broken
symmetry is the presence of large washout parameters, implying that the asymmetry
will be completely independent of the initial conditions, i.e. both the initial number of
RH neutrinos and any previously generated asymmetry, even taking into account flavor
effects [28, 29].
In this paper, we study in detail the mechanism of leptogenesis in the presence of a
slightly broken U(1)L symmetry within the supersymmetric (SUSY) and non-supersymmetric
two RH neutrino (2RHN) model [30–32]. Note that the 2RHN model is physically equiv-
alent to the N3 decoupling limit (M3 → ∞) [31, 33]. A related study was performed
in [34] with three quasi-degenerate RH neutrinos, which have to be motivated by a larger
symmetry group, e.g. SO(3). There, the focus was to find numerical examples where
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resonant leptogenesis was possible with at the same time phenomenological consequences
like observable lepton-flavor-violating signals in the non-SUSY setup. Here, we introduce
only a U(1)L symmetry, and tackle the problem with only two RH neutrinos in both SUSY
and non-SUSY cases. Proceeding analytically, we keep under control the full parameter
space of the problem, and we do not focus on resonant leptogenesis, which corresponds
to the maximal possible enhancement of the CP asymmetry for quasi-degenerate heavy
neutrinos.
The 2RHN model implies one massless light neutrino and a reduction of the numbers
of parameters compared to the model with three RH neutrinos from 18 to 11, among
which 7 (2 neutrino masses, 3 mixing angles and 2 CP -violating phases) are accessible in
experiments. The lower number of parameters will allow us to have a perfect handle on
the problem, and thus we will be able to derive an expression for the baryon asymmetry
predicted by leptogenesis where the dependence on each parameter is simple. In particular,
the high-energy parameters will factorize from the low-energy ones and from flavor effects
altogether. This will make possible to study in detail the dependence of the predicted
baryon asymmetry on the Dirac and Majorana CP -violating phases as well as the unknown
angle θ13. Note that, since the high-energy phase will be required to be non-zero for
successful leptogenesis, leptogenesis from exclusively low-energy CP violation [22, 35–39]
is not viable here. Finally, we will use the maximal enhancement of the CP asymmetry
in the resonant limit [19, 40, 41] to obtain a constraint on one of the breaking parameters.
Interestingly, this constraint implies that successful leptogenesis is incompatible with the
possible observation of RH neutrinos at future colliders [17, 42–44] as well as sizable lepton-
flavor-violating signals. This conclusion holds also in the SUSY case, if we assume the
scale of leptogenesis to be below 106 GeV to avoid the gravitino problem.
In Section 2, we introduce the parametrization of the 2RHN model which we will use
throughout the paper. In Section 3, we describe how the lepton number symmetry affects
the structure of the neutrino Yukawa matrix and the Majorana mass matrix. Then, we
discuss how to parametrize the small breaking of this symmetry. In Section 4, we turn to
leptogenesis, and estimate the baryon asymmetry predicted in this model with a special
emphasis on the role of the PMNS phases. We also constrain the size of the breaking
parameters using the maximal enhancement of the CP asymmetry. In Section 5, we
extend the results to the supersymmetric version of the model. Finally, we summarize
our main results and conclude in Section 6.
3
2 Parametrization
Consider the seesaw model with two RH neutrinos. In the basis where the charged leptons
and RH Majorana neutrino mass matrices are both diagonal, the “mass” basis, the seesaw
mass matrix is given by
Mν = −MDM−1M MTD, (1)
where
MM ≡ DN = diag(M1,M2). (2)
This matrix can be diagonalized as
U †MνU
⋆ ≡ Dν = diag(m1, m2, m3), (3)
where U is the PMNS matrix. We will adopt the parametrization [45]
U =
 c12 c13 s12 c13 s13 e
−i δ
−s12 c23 − c12 s23 s13 ei δ c12 c23 − s12 s23 s13 ei δ s23 c13
s12 s23 − c12 c23 s13 ei δ −c12 s23 − s12 c23 s13 ei δ c23 c13
× diag(1, ei φ2 , 1) ,
(4)
where sij ≡ sin θij , cij ≡ cos θij and, neglecting statistical errors, we will use θ12 = π/5 and
θ23 = π/4, compatible with the results from neutrino oscillation experiments. Moreover,
we will adopt the 3σ range s13 = 0–0.20 [46].
Neutrino oscillation experiments measure two neutrino mass-squared differences, ∆m2sol ≃
8×10−5 eV2 and ∆m2atm ≃ 2.5×10−3 eV2 [46]. Recall that with only two RH neutrinos the
lightest active neutrino is massless. Therefore, if the neutrino mass hierarchy is normal,
one has m1 = 0, m2 =
√
∆m2sol and m3 =
√
∆m2sol +∆m
2
atm, whereas if it is inverted,
m3 = 0, m2 =
√
∆m2atm and m1 =
√
∆m2atm −∆m2sol.
Let us now introduce the so-called Casas-Ibarra parametrization [47]
MD = UD
1/2
ν ΩD
1/2
N . (5)
The Ω matrix is a 3× 2 matrix which can be parametrized as [31, 48]
ΩNH =
 0 0±√1− ω2 −ω
ξ ω ±ξ√1− ω2
 , ΩIH =
 ±
√
1− ω2 −ω
ξ ω ±ξ√1− ω2
0 0
 , (6)
in the normal and inverted hierarchy, respectively, and where ω is a complex parameter.
ξ = ±1 is a discrete parameter that accounts for a discrete indeterminacy in Ω.
4
3 Lepton number symmetry
Following [14] (see also [12, 17]) in the limit of only two RH neutrinos, we introduce a global
U(1)L lepton number symmetry for the leptonic fields, lepton doublets ℓα (α = e, µ, τ)
and right-handed neutrinos N˜i (i = 1, 2). The U(1)L charge assignments are as follows:
Q(ℓe) = +1, Q(ℓµ) = +1, Q(ℓτ ) = +1, Q(N˜1) = +1, Q(N˜2) = −1. (7)
The charges of all the other Standard Model fields are zero. Note that we work in the
basis where the mass matrix of the charged leptons is real and diagonal. From now on,
we shall call the basis with N˜i the “flavor” basis. In this basis, the relevant terms in the
Lagrangian are
L = LSM − h˜αiℓ¯αPRN˜iiσ2Φ∗ − 1
2
[M˜M ]ijN˜ ci N˜j + h.c. (i = 1, 2, α = e, µ, τ), (8)
where h˜ and M˜M are the Yukawa coupling matrix and the Majorana mass matrix in the
flavor basis, respectively.
First of all, let us consider the U(1)L symmetry to be exact. In this case, the allowed
structure of h˜ is given by
h˜0 =
 h˜e1 0h˜µ1 0
h˜τ1 0
 ≡ (h˜α1, 0) . (9)
Without loss of generality, by using the field redefinition of ℓα, the non-zero components
h˜α1 can be taken real and positive.
On the other hand, the allowed form of M˜ is
M˜M,0 =
(
0 M
M 0
)
, (10)
where the mass parameter M can be taken real and positive by field redefinitions of N˜1
and N˜2.
It should be noted that, when U(1)L is exact, the masses of the active neutrinos
are exactly zero. This is because lepton doublets carry non-zero charges, and hence a
Majorana mass term for them is forbidden.
Let us now consider the effects of U(1)L symmetry breaking. Such effects induce
additional contributions to h˜ and M˜ :
h˜ = h˜0 + h˜1 = h
(
f˜α1, ǫhf˜α2
)
(11)
M˜M = M˜M,0 + M˜M,1 =
(
ǫMm11 M
M ǫMm22e
iβ
)
, (12)
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where f˜αi are complex parameters with modulus of order one, mii is real and positive,
β is an arbitrary phase, and ǫM and ǫh are breaking parameters, which are supposed to
be much smaller than one. Note that we will not deal here with the issue of the U(1)L
breaking mechanism, and hence just parametrize the breaking parameters as given.
We go now from the flavor basis to the mass basis for the RH neutrinos. The Majorana
mass matrix M˜M is symmetric, and therefore can be diagonalized using a unitary matrix
UN :
UTNM˜MUN =MM = diag(M1,M2). (13)
Thus, the flavor eigenstates N˜i are related to the mass eigenstates Ni by N˜i = [UN ]ijNj .
It is easy to show that, to first order in ǫM , the eigenvalues of M˜M are given by
M1 = M − m0
2
ǫM , M2 = M +
m0
2
ǫM , (14)
where m0 =
√
m211 +m
2
22 + 2m11m22 cos β. So the degeneracy parameter δ2 = (M2 −
M1)/M1 is equal to the breaking parameter ǫM up to a factor m0/M supposed to be of
order one. For simplicity we will assume in the remainder of the paper that m0/M = 1.
Next, we turn to the neutrino Yukawa matrix h˜, which we want to express in the mass
basis, i.e. h = h˜UN . In a first approximation, we take ǫM → 0, so that the mixing matrix
of N1 and N2 is simply given by
UN =
1√
2
(
1 1
−1 1
)(
i 0
0 1
)
, (15)
where the second matrix ensures that the two eigenvalues of the Majorana mass matrix
M˜M,0 are positive. Using the Casas-Ibarra parametrization Eq. (5), one can translate
Eq. (11) into
|Ω˜α2| ∼ ǫh|Ω˜α1|. (16)
where Ω˜ ≡ ΩU †N . From Eq. (6) for normal hierarchy, and choosing the ‘–’ sign and ξ = 1,
one obtains in the limit |ω| ≫ 1
Ω˜(|ω| ≫ 1) ∼ 1√
2
 0 0−2ω − 12ω
−2iω i
2ω
 . (17)
Note that the case ‘+’ and ξ = −1 would have given the same structure, though with
different signs. On the other hand, for the two other choices, ‘+’ and ξ = 1, and ‘–’ and
ξ = −1, the columns 1 and 2 would have been exchanged. The case of inverted hierarchy
is obtained by exchanging the rows 2→ 1 and 3→ 2.
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It is easy to see now that the condition (16) is indeed satisfied when |ω| ≫ 1, for ‘–’
and ξ = 1 as well as ‘+’ and ξ = −1, and the breaking parameter ǫh corresponds to
ǫh ∼ 1
4|ω|2 . (18)
4 Leptogenesis: non-supersymmetric case
It is widely known that, in order to generate a baryon asymmetry in the early Universe,
one needs to satisfy the three Sakharov’s conditions [49]. Baryon number violation is
provided by the non-perturbative sphaleron processes [8]. The CP symmetry is violated
in the decay of the heavy RH neutrinos [18]
εiα ≡ − Γ(Ni → ℓαΦ)− Γ(Ni → ℓ¯αΦ
†)∑
α
[
Γ(Ni → ℓαΦ) + Γ(Ni → ℓ¯αΦ†)
]
=
3
16π(h†h)ii
∑
j 6=i
{
Im
[
h⋆αihαj(h
†h)ij
] ξ(xj/xi)√
xj/xi
+
2
3(xj/xi − 1)Im
[
h⋆αihαj(h
†h)ji
]}
, (19)
where xi ≡M2i /M21 and
ξ(x) =
2
3
x
[
(1 + x) ln
(
1 + x
x
)
− 2− x
1− x
]
. (20)
As for the third condition, namely departure from thermal equilibrium, it can be
conveniently described by the so-called decay parameter Ki ≡ Γ˜i/HT=Mi, given by the
ratio of the decay widths to the expansion rate when the RH neutrinos start to become
non-relativistic at T = Mi. In terms of Yukawa couplings, the decay parameters can be
written as
Ki =
v2
m⋆Mi
(h†h)ii, (21)
where m⋆ is the equilibrium neutrino mass, given by [50]
m⋆ ≡
16π5/2
√
g⋆
3
√
5
v2
MPl
≃ 1.08× 10−3 eV, (22)
with MPl = 1.22× 1019 GeV and g⋆ = gSM = 106.75.
Notice that, using the Casas-Ibarra parametrization, Eq. (5), the decay parameters
Ki can be expressed as linear combinations of the neutrino masses [50, 51]
Ki =
∑
j
mj
m⋆
|Ω2ji| . (23)
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We will assume in the following that the generation of asymmetry takes place at
temperatures T ≪ 109GeV, in which case flavor matters in the leptogenesis process, and
three flavors are distinguished, denoted e, µ, τ [28, 29].
Important parameters in flavored leptogenesis are the flavored decay parameters, given
by
Kiα =
v2
m⋆Mi
|hαi|2. (24)
For quasi-degenerate RH neutrinos it will prove useful to calculate the sum of the
decay parameters. Using Eqs. (23) and (24) with the matrix Ω given in Eq. (6) fixing the
sign to ’−’ and ξ = 1 compatible with the lepton symmetry, one obtains
K1 +K2 =
m2 +m3
m⋆
(|1− ω2|+ |ω2|) ≥ 56 (25)
and
K1α +K2α =
m2|Uα2|2 +m3|Uα3|2
m⋆
(|1− ω2|+ |ω2|) (26)
+
4
√
m2m3
m⋆
Im (U⋆α2Uα3) Im
(√
1− ω2⋆ω
)
. (27)
The case of inverted hierarchy is obtained by changing the labels 3 → 2 and 2 → 1. In
the limit of large |ω| required by the symmetry, one obtains
K1 +K2 ≃ 2(m2 +m3)
m⋆
|ω|2 (28)
and
K1α +K2α ≃ gα(m2, m3, Uα2, Uα3)|ω|2, (29)
which does not depend on the phase of ω, and where we defined the dimensionless quantity
gα(m2, m3, Uα2, Uα3) ≡
[
2(m2|Uα2|2 +m3|Uα3|2)− 4√m2m3 Im (U⋆α2Uα3)
]
/m⋆. (30)
It is interesting to notice that for a normal hierarchy the small entry Ue3 makes possible
a cancellation in K1e + K2e such that it can be much smaller than K1 + K2 ≫ 56; the
other two flavors cannot be smaller than roughly (K1 +K2)/6. On the other hand, when
the hierarchy is inverted, a cancellation can occur in all flavors.
For quasi-degenerate RH neutrinos and with a strong washout in each flavor, the
solution to the flavored Boltzmann equations can be written in the form [22, 52]
N fB−L =
∑
α
N f∆α =
∑
α
(ε1α + ε2α) κ(K1α +K2α), (31)
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where κ is the so-called efficiency factor, given by [22, 50]
κ(K) ≡ 2
K zB(K)
(
1− e−K zB(K)2
)
, (32)
where
zB(K) ≃ 2 + 4K0.13 e− 2.5K . (33)
Note that in the strong washout regime, forK ≫ 1, the following approximation holds [53,
54]:
κ(K) ≃ 0.5/K1.16. (34)
As for the CP asymmetries, in the limit M1 ≃ M2 and for the particular Ω matrix in
Eq. (6)1, they are given by
ε1α ≃ 3
16π(h†h)11
1
3δ2
(
Im
[
h⋆α1hα2(h
†h)12
]
+ Im
[
h⋆α1hα2(h
†h)21
])
, (35)
ε2α ≃ 3
16π(h†h)22
1
3δ2
(
Im
[
h⋆α1hα2(h
†h)12
]
+ Im
[
h⋆α1hα2(h
†h)21
])
, (36)
where δ2 ≡M2/M1 − 1. Using the Casas-Ibarra parametrization Eq. (5) the flavored CP
asymmetries are given by
ε1α ≃ M2
16πv2
1
δ2
1
m2|1− ω2|+m3|ω2| ×{(
m22|Uα2|2 −m23|Uα3|2 +m2m3(|Uα3|2 − |Uα2|2)
)
Im(ω2) (37)
−2(m3 −m2)√m2m3 Im(U∗α2Uα3) Re
(
ω
√
1− ω2
)}
ε2α ≃ M1
16πv2
1
δ2
1
m2|ω2|+m3|1− ω2| ×{(
m22|Uα2|2 −m23|Uα3|2 +m2m3(|Uα3|2 − |Uα2|2)
)
Im(ω2) (38)
−2(m3 −m2)√m2m3 Im(U∗α2Uα3) Re
(
ω
√
1− ω2
)}
.
In the limit of large |ω| and defining ω ≡ |ω|(cos θω + i sin θω), one obtains
ε1α ≃ ε2α ≃ Mm⋆
16πv2
1
δ2
fα(m2, m3, Uα2, Uα3) sin 2θω, (39)
where we defined another dimensionless quantity,
fα(m2, m3, Uα2, Uα3) ≡ gα
2
m2 −m3
m2 +m3
. (40)
1The following relations hold for this model: (h†h)13 = (h
†h)31 = 0, (h
†h)23 = (h
†h)32 = 0
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It is interesting to notice first that the CP asymmetry is independent of |ω|, and second
that the high-energy contribution is a necessary ingredient to have a non-zero flavored CP
asymmetry; in other words, ω has to be complex. Hence, leptogenesis from exclusively
low-energy phases [22, 35–39] is not possible in our model.
We have pointed out earlier that K1α + K2α can be much smaller than K1 + K2
in certain situations, which could lead to a big enhancement of the predicted baryon
asymmetry compared to an unflavored calculation. However, it turns out that in all such
cases the flavored CP asymmetry is suppressed as well, so that the final effects are never
much larger than the typical enhancement of a factor three in the three-flavor regime, as we
will show more precisely below. Since the lepton number symmetry implies |ω| ≫ 1, the
asymmetry will be typically produced in the strong washout regime, with no dependence
on the initial number of RH neutrinos and on any previously generated asymmetry. With
an account of flavor effects, the second feature is only rigourously possible in the three-
flavor regime, where the washout occurs in all directions in flavor space [55]. The only
exception will be in some very marginal regions of the parameter space where huge flavor
effects imply K1α + K2α . 3, even though K1 + K2 ≫ 56, so that the strong washout
and independence of the initial conditions are no longer guaranteed. We will come back
to this point at the end of the section.
Since the final asymmetry will be almost exclusively produced in the strong washout,
using Eqs. (31), (34) and (39), one obtains the simple expression
N fB−L ≃
Mm⋆
16πv2
sin 2θω
δ2|ω|2.32
∑
α
fα
g1.16α
, (41)
which depends on the fundamental quantities M , δ2, |ω| and θω in a very simple way. In
terms of the breaking parameters ǫM and ǫh introduced in the last section, one has
N fB−L ≃
Mm⋆
3πv2
ǫ1.16h
ǫM
sin 2θω
∑
α
fα
g1.16α
. (42)
Interestingly, all low-energy parameters (neutrino masses, PMNS matrix elements) appear
exclusively in the factor
∑
α fα/g
1.16
α , and are thus decoupled from the high-energy pa-
rameters (M , δ2, |ω| and θω). Actually, flavor effects altogether only appear in this factor,
and we can thus easily estimate the maximal difference with an unflavored calculation,
where we would have instead a factor∑
α fα∑
α g
1.16
α
=
m2 −m3
21.16(m2 +m3)1.16
≃
{
0.16 normal hierarchy
1.7× 10−3 inverted hierarchy . (43)
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On the other hand, one can find numerically the maximal factor in the flavored calculation:
max
(∑
α
fα
g1.16α
)
≃
{
0.87 normal hierarchy
9× 10−3 inverted hierarchy , (44)
i.e. maximal flavor effects lead to a factor 5–6 enhancement of the final asymmetry both
for normal and for inverted hierarchy. As we said earlier, larger effects are not possible
here.
Finally, assuming a standard thermal history and accounting for the sphaleron con-
version coefficient asph ∼ 1/3, the baryon-to-photon ratio can be calculated as
ηB = asph
N fB−L
N recγ
≃ 0.96× 10−2N fB−L , (45)
to be compared with the measured value [56]
ηCMBB = (6.2± 0.15)× 10−10 . (46)
It can be useful to make a numerical estimation of ηB using Eq. (42), with θω = −π/4,
and
∑
α fα/g
1.16
α = 0.7:
ηB ∼ 3.6× 10−10
(
ǫ1.16h
ǫM
)(
M1
1010 GeV
)
. (47)
This result tells us that a hierarchy in the breaking parameters ǫh ≫ ǫM is needed if
one wants to relax the scale of leptogenesis. For instance, with the breaking parameters
ǫh = 2.5× 10−3 and ǫM = 4× 10−8, one obtains
ηB ∼ 6× 10−10
(
ǫh
2.5× 10−3
)1.16(
4× 10−8
ǫM
)(
M1
106 GeV
)
. (48)
It can be easily seen from Eq. (42) that the scale of the RH neutrinos M can be lowered
if we decrease by the same factor ǫM . Hence, with ǫM = 4× 10−11, we can reach the TeV
scale for the heavy neutrinos, making them at least in principle accessible at the LHC.
The CP asymmetry is enhanced in the degenerate limit inversely proportionally to δ2,
as can be seen from Eq. (39). However, this effect is not unlimited. There is a maximal
enhancement which leads to resonant leptogenesis [34, 40]. The condition to be on the
resonance is given by Mj −Mi = Γj/2 [19], where Γj is the decay width of Nj . In our
model and for the case of normal hierarchy, this condition can be conveniently translated
into
δres = d
matmM |ω|2
16πv2
≃ 3× 10−11 d |ω|2
(
M
106 GeV
)
, (49)
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where we introduced the parameter d as in [39] to account for a controversy in the liter-
ature about whether it is allowed or not to reach the resonance [19, 41]. In the following,
we will use conservatively d = 5, so that the validity of Eq. (19) is ensured. Note that in
the case of inverted hierarchy δres occurs at a value twice as large. In the following, we
will assume that ǫM ≥ δres.
Plugging the condition (49) in Eq. (41), we find for normal hierarchy
ηB ≤ 0.96× 10−2 m⋆
dmatm|ω|4.32max
(∑
α
fα
g1.16α
)
≃ 3.7× 10
−5
|ω|4.32 , (50)
where we used Eq. (44) in the second step. Since we want to be consistent with the 3σ
range of Eq. (46), we find that
|ω|2 . 168 ⇒ ǫh & 1.3× 10−3. (51)
In the case of inverted hierarchy, we find
ηB ≤ 0.96× 10−2 m⋆
dmatm|ω|4.32max
(∑
α
fα
g1.16α
)
≃ 1.8× 10
−7
|ω|4.32 . (52)
This implies
|ω|2 . 14 ⇒ ǫh & 1.8× 10−2. (53)
Remember that the lepton number symmetry implied |ω| ≫ 1, so that the allowed range
in the case of inverted hierarchy is quite constrained! Note also that the case of inverted
hierarchy is more constrained than normal hierarchy due to the smallness of the factor∑
α fα/g
1.16
α , never larger than 10
−2. This behavior is different from the 2RHN model in
the hierarchical limit M1 ≪ M2, where huge flavor effects make possible that inverted hi-
erarchy yields almost the same bounds as normal hierarchy [57], contrary to the unflavored
result [52, 58].
The results of Eqs. (51) and (53) show explicitly that, in our simple model with two RH
neutrinos or when N3 is decoupled, successful leptogenesis is only possible for relatively
large values of the breaking parameter ǫh, especially in the case of inverted hierarchy.
This is particularly interesting in view of the possible observation of RH neutrinos at
future colliders, as recently investigated in a number of papers [17, 42–44]. To have even
a small chance of observing RH neutrinos, some of the active-sterile mixing angles Vαi =
(MD/MM)αi should not be much smaller than 0.01. In our case, with the constraint from
successful leptogenesis, we have at most V ∼ 10−5 for M = 250 GeV, which is much too
small. Lepton-flavor-violating signals in the non-supersymmetric case under discussion
are expected to be very suppressed for the same reason.
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Figure 1: Dependence of the baryon-to-photon ratio ηB on the Dirac phase δ and the
Majorana phase φ. We display the case of normal hierarchy, with θω = −π/4, M1 =
106 GeV, |ω|2 = 100 (implying ǫh ∼ 2.5 × 10−3), δ2 = 4 × 10−8 ∼ ǫM . Left panel:
sin θ13 = 0.2; Right panel: sin θ13 = 0.02.
Finally, we would like to present examples compatible with the constraints (51) and
(53) which show the explicit dependence of ηB on the angle θ13 and on the PMNS phases
δ and φ, which only appear in the factor
∑
α fα/g
1.16
α , as already mentioned. We present
in Fig. 1 two such examples, for a normal hierarchy of light neutrinos and two choices of
sin θ13, 0.2 and 0.02. Note that the results are compatible with our rough estimation in
Eq. (48). In Fig. 2 we display the case of inverted hierarchy. One notices from the figures
that the two CP -violating phases in the PMNS matrix only yield small corrections to the
predicted baryon asymmetry. When the hierarchy of light neutrinos is normal and for
the maximal allowed value sin θ13 = 0.2, these phases can change the final asymmetry by
40%. When the hierarchy is inverted, the effect can be more than a factor three, but only
in a very restricted region of the parameter space.
Before concluding the section, one comment concerning Figs. 1 and 2 is in order. We
found marginal regions where K1α +K2α . 3 for some flavor α, implying that the strong
washout regime and thus Eq. (34) no longer hold. In these regions of dependence on the
initial conditions, we used the more general Eq. (32), which is also valid for K . 3 in the
case of thermal initial N1 and N2 abundances. In practice, these regions of huge flavor
effects on the washout are found very close to the ones where the asymmetry is maximal,
and they can be seen in the left panels of Figs. 1 and 2. Note that a very small sin θ13
as in the right panels forbids such huge suppressions of the washout. More specifically,
in the left panel of Fig. 1, K1α +K2α can be as low as ∼ 1 in the middle of the diagonal
strips, implying some dependence on the initial conditions. In the left panel of Fig. 2,
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Figure 2: Same as Fig. 1, but for inverted hierarchy, with |ω|2 = 10 (implying ǫh ∼
2.5× 10−2), δ2 = 3.3× 10−9 ∼ ǫM .
K1α+K2α can be as low as ∼ 0.7 in the darker regions (red to black), so the dependence
on the initial conditions is even larger there. But apart from these marginal regions, the
strong washout holds, and one can safely use Eq. (42).
5 Leptogenesis: supersymmetric case
We turn now to the supersymmetric version of the model. One can introduce four different
CP asymmetries, which by supersymmetry are all equal:
ε˜iα ≡ − Γ(Ni → ℓαHu)− Γ(Ni → ℓ¯αH
†
u)∑
α
[
Γ(Ni → ℓαHu) + Γ(Ni → ℓ¯αH†u)
] = − Γ(Ni → ℓ˜αH˜u − Γ(Ni → ℓ˜†α ¯˜Hu))∑
α
[
Γ(Ni → ℓ˜αH˜u) + Γ(Ni → ℓ˜†α ¯˜Hu)
]
= − Γ(N˜i → ℓαH˜u)− Γ(N˜
⋆
i → ℓ¯α ¯˜Hu)∑
α
[
Γ(N˜i → ℓαH˜u) + Γ(N˜⋆i → ℓ¯α ¯˜Hu)
] = − Γ(N˜i → ℓ˜αHu)− Γ(N˜⋆i → ℓ˜†αH†u)∑
α
[
Γ(Ni → ℓ˜αHu) + Γ(N˜⋆i → ℓ˜†αH†u)
] ,
where ℓ˜, H˜u and N˜ denote sleptons, higgsinos and RH sneutrinos, respectively. The CP
asymmetries ε˜iα were calculated in [18] to be
ε˜iα =
1
8π(h†h)ii
∑
j 6=i
{
Im
[
h⋆αihαj(h
†h)ij
]
g(xj/xi) +
2
(xj/xi − 1)Im
[
h⋆αihαj(h
†h)ji
]}
,
(54)
where xi ≡M2i /M21 and
g(x) =
√
x
[
2
x− 1 + ln
(
1 + x
x
)]
. (55)
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In the limit M1 ≃M2 we are interested in and for the particular Ω matrix in Eq. (6),
it can be easily obtained that
ε˜1α ≃ 1
8π(h†h)11
1
δ2
(
Im
[
h⋆α1hα2(h
†h)12
]
+ Im
[
h⋆α1hα2(h
†h)21
])
, (56)
ε˜2α ≃ 1
8π(h†h)22
1
δ2
(
Im
[
h⋆α1hα2(h
†h)12
]
+ Im
[
h⋆α1hα2(h
†h)21
])
, (57)
where we recall that δ2 ≡ M2/M1 − 1. So the CP asymmetries are a factor of two larger
than in the non-supersymmetric case, just like in the hierarchical limit M2 ≫M1.
Let us see how the efficiency factor is affected by supersymmetry. Assuming Maxwell-
Boltzmann distributions, RH neutrinos and RH sneutrinos follow exactly the same evolu-
tion. The end result is that the source term in the Boltzmann equation for the B/3−Lα
asymmetry (see e.g. [59, 60]) is a factor 4 larger than in the non-SUSY case, whereas the
washout term is a factor 2 larger. The reason is that, first, the CP asymmetry is a factor
2 larger, and second there are twice as many decay modes as in the non-SUSY case2. The
latter of course affects both source and washout terms. Finally, the equilibrium neutrino
mass in Eq. (22) is numerically different since g⋆ = gMSSM = 228.75, and vu = v sin β,
implying
mMSSM⋆ ≃ (1.56× 10−3 eV) sin2 β. (58)
Altogether, multiplying the CP asymmetry by a factor 2, and replacing K1α+K2α →
2(K1α+K2α), the semi-analytical expression for the final asymmetry becomes [cf. Eq. (42)]
N fB−L ≃
2MmMSSM⋆
3πv2u
ǫ1.16h
ǫM
sin 2θω
∑
α
f ′α
(2g′α)
1.16
, (59)
where f ′α and g
′
α are the functions defined in Eqs. (40) and (30), but with the replacement
m⋆ → mMSSM⋆ . Note that the dependence on sin β in this expression is extremely mild,
N fB−L ∝ sin β0.16.
The extension of the results presented in the last section is then straightforward. From
the maximal enhancement of the CP asymmetry in the degenerate limit [cf. Eq. (49)], we
obtain slightly modified bounds on the breaking parameters,
|ω|2 . 160 ⇒ ǫh & 1.5× 10−3, (60)
in the case of normal hierarchy, and
|ω|2 . 14 ⇒ ǫh & 1.8× 10−2 (61)
2The fact that both the decays of RH neutrinos and RH sneutrinos contribute is approximately
balanced by the larger dilution factor in the SUSY case.
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in the case of inverted hierarchy.
Since the limits on the breaking parameters are very similar to the non-SUSY case,
the active-sterile mixing angles are necessarily small here as well. Hence, the conclusion
about the incompatibility of leptogenesis with the observation of RH neutrinos at colliders
is still valid. In the case of lepton-flavor violation, the discussion is somewhat different
since new diagrams contribute that are not suppressed by the small mixing between active
and sterile neutrinos [61]. For example, the rate of µ → eγ will actually depend on the
combination (hh†)eµ. However, for the range of RH neutrino masses we are interested in
to avoid the gravitino problem, i.e. M < 106 GeV, the Yukawa couplings are too small
(h . 10−3) to give an observable signal.
6 Summary and conclusion
We have studied the mechanism of leptogenesis in the presence of a slightly broken lepton
number symmetry. Two almost degenerate right-handed neutrinos result from the sym-
metry, with the small breaking parameter ǫM essentially describing the mass splitting,
and ǫh fixing the size of the (inverse of the) washout. Two well-known consequences fol-
low: First, the scale of leptogenesis can be as low as the electroweak scale. Second, the
baryon asymmetry predicted through leptogenesis is independent of the initial conditions,
i.e. both the initial number of RH neutrinos and any previously generated asymmetry.
With only two heavy neutrinos, which is equivalent to the N3 decoupling limit, the
model contains few unknown parameters in addition to the two breaking parameters: one
RH neutrino mass, one ‘high-energy’ phase, the angle θ13 and two CP -violating phases
in the PMNS matrix. The relatively low number of parameters has allowed us to have a
perfect handle on the problem, and we have been able to obtain semi-analytical formulae
for the final asymmetry, Eqs. (42) and (59) in the non-SUSY and SUSY case, respectively,
which disclose a simple dependence on each one of these parameters. In particular, we have
studied in detail the role of the PMNS phases and θ13 (see Figs. 1 and 2). Interestingly,
the high-energy phase is required to be non-zero for successful leptogenesis, implying that
leptogenesis from exclusively low-energy CP -violation is not viable in this context.
Finally, we derived from successful leptogenesis and the maximal enhancement of the
CP asymmetry in the resonant limit that the breaking parameter ǫh must be relatively
large, ǫh & 10
−3 for normal and 10−2 for inverted hierarchy (both in SUSY and non-
SUSY cases). As a consequence, leptogenesis is not compatible with the observation of
RH neutrinos at future colliders and with a sizable lepton-flavor violation signal. The
other breaking parameter, ǫM , can be much smaller, and actually needs to be so in order
16
to have low-scale leptogenesis.
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